The effect of the composition of two steels (B and 6MnCr5) on precipitation of undesirable phases (carbides, nitrides and carbonitrides) under thermochemical treatment (low-pressure or vacuum carbonitriding) is investigated. Metallographic and x-ray diffraction studies and thermodynamic computations are performed.
INTRODUCTION
In many practical cases the performance of a structural component depends on the mechanical properties of the surface [1] . Many methods of thermochemical treatment are used to raise the properties of the surface, such as gas carburizing [2 -4] , carbonitriding [2, 4] , and low-pressure carburizing (vacuum carburizing) [5 -7] .
Conventional methods of thermochemical treatment of steel are based on diffusion of carbon and (or) nitrogen in surface layers. Carbonitriding, which is known to be more advantageous than standard carburizing, especially at a low thickness of the hardened layer, is commonly performed in conventional atmospheres [4, 8] . Published information on low-pressure carbonitriding (LPCN) is quite scarce [9, 10] .
Due to the intrinsic nonequilibrium of the low-pressure treatment the conventional methods [11, 12] are inapplicable for controlling such processes. For this reason, we used computer simulation to predict the relation between the effective thickness of the hardened layer and the accurate profiles of the distribution of carbon and nitrogen in steels [13 -18] .
On the whole, the process of carbonitriding (developed on the basis of carburizing) is performed in two stages. The first stage, which is usually termed a boost one, provides delivery of a high content of carbon and nitrogen from the atmosphere to the surface. The second stage, i.e., diffusion, consists in keeping the parts at a constant temperature in vacuum (after cutting off the gas flow to the atmosphere).
Such division of the process of LPCN makes it possible to avoid transition through the maximum solubility of carbon in the austenite and hence to prevent precipitation of undesirable phases such as M 23 C and M 7 C 3 carbides and M(C, N) carbonitrides. Earlier studies of alloys of the Fe -Cr -C system treated in a conventional manner have revealed formation of microstructures represented by a-ferrite and M 3 C, M 7 C 3 and M 23 C 6 complex carbides depending on the alloying of the metal [19, 20] .
The aim of the present work was an experimental and computational study of the effect of the composition of steels on undesirable precipitation in the process of low-pressure carbonitriding.
METHODS OF STUDY

Studied Steels
The samples for carbonitriding were fabricated from two low-alloy steels the chemical compositions of which are given in Table 1 . The low content of carbon in the steels guarantees a tough core in the parts after carbonitriding.
All the samples had a cylindrical shape and were AE16´20 mm in size. Both end faces were ground before the treatment.
Low-Pressure Carbonitriding
Most of the results presented were obtained using a commercial BMI Fours Industriels furnace that had earlier been Metal Science and Heat Treatment, Vol. 56, Nos. 7 -8, November, 2014 (Russian Original Nos. 7 -8, July -August, 2014) used for developing a sensor for monitoring processes of low-pressure carburizing [6] . The samples were subjected to LPCN at 860°C in a BMIBMicro vacuum furnace. Carbonand nitrogen-bearing atmospheres were created by feeding ethylene and ammonia in the stages of carburizing and carbonitriding, respectively (Fig. 1) . The pressure, the gas flow, and the duration of such treatments were optimized in order to provide a saturated layer with a thickness of 0.9 mm on the basis of results of the experiments described in detail in [18, 21] . The thickness of the saturated layer was determined from the data obtained by measuring the hardness; the hardness of the layer should exceed 550 HV after quenching.
The concentration profiles of carbon and nitrogen were measured with the help of a LECO analyzer and by the method of glow discharge optical emission spectroscopy, respectively. The metallographic analysis of the carbonitrided layers was performed after etching the metallographic specimens in Nital and Murakami reagents. The hardness profiles were obtained using a Buehler Micromet 2100 device at a load of 1 N. The maps of distribution of the chemical elements in the carbonitrided samples were obtained with the help of scanning electron microscopy and x-ray diffraction analysis. To determine the phase composition the x-ray diffraction spectra were obtained in cobalt K a radiation with wavelength 0.1789 nm. Figure 2 presents the microstructure of the studied steels after LPCN (with duration exceeding that in Fig. 1 ) and oil quenching. The structure of steel B is represented first by martensite and then by bainite in the direction from the surface to the core (Fig. 2a ) . The surface zone of steel 16MnCr5 (with a thickness of 200 mm) contains retained austenite. Martensite and bainite are detectable at a distance h = 200 -500 mm from the surface. The core of the sample contains perlite and ferrite (Fig. 2b ) .
RESULTS AND DISCUSSION
Experimental Studies
The curves of hardness distribution presented in Fig. 3 match the observed structures. In steel B the hardness is approximately constant (800 HV 0.1 ) at h = 0 -400 mm and then decreases gradually. In steel 16MnCr5 the hardness decreases in a layer with a thickness of 200 mm, which corresponds to the presence of a "dark component." A maximum hardness (750 -800 HV 0.1 ) is attained at h = 200 -400 mm. Then the hardness decreases upon the appearance of equilibrium components (ferrite and perlite) in the layer at h = 400 -700 mm.
To determine the presence or absence of chromium-bearing carbides we used the Murakami reagent. Such precipitation has not been detected in carbonitrided steel 16MnCr5. This cannot be said about steel B, a typical microstructure of which is presented in Fig. 4 . The surface layer of the steel exhibits four zones that correspond to the detected distribution of carbides over the thickness of the sample. From the surface to h = 90 mm the fraction of the chromium-bearing carbides is 1.65%. At a distance h = 90 -200 mm the proportion of these carbides attains a maximum (6.4%) and then de-A Thermodynamic and Experimental Study of Low-Alloy Steels after Carbonitriding 435 creases gradually to 1.3% (h = 200 -310 mm) and 0.4% (h = 310 -400 mm).
To understand this trend, the profiles of carbon and nitrogen concentrations were imposed on the micrographs obtained after etching steel B in the Murakami reagent (Fig. 4) .
A carbon content exceeding 1 wt.% was observed in a surface layer up to 310 mm thick. A nitrogen content exceeding 0.6 wt.% was preserved in the next layer with a thickness of up to 20 mm and decreased progressively to 0.2 and 0.07% in the layers 100 and 200 mm thick, respectively.
The imposition of the profiles of C and N concentrations on the micrographs reflects the probable effect of nitrogen on the formation of chromium-bearing carbides. Indeed, only the nitrogen concentration varies between the surface and h = 310 mm. When the nitrogen content exceeds 0.2%, etching with the Murakami reagent reveals chromium-bearing carbides in an amount of 1.65%. This concentration increases by a factor of 4 (to 6.4%) when the nitrogen content falls below 0.2%.
Finally, when nitrogen is not detected in the surface layer, the fraction of the precipitates containing chromium is the lowest (< 1%).
To obtain diffractograms at different distances from the surface (surface; h = 100, 200, 300, 500 mm; core) we removed layers with a specified thickness from carbonitrided samples. It can be seen from Fig. 5 that the diffractograms reflect the presence of M 23 C 6 and V 8 C 7 carbides on the surface in addition to the a-phase. At a certain distance from the surface there appear an M 7 C 3 carbide. Carbides of types M 23 C 6 and M 7 C 3 have also been detected in carbonitrided steels in [22 -26] , where the eutectic (Fe, Cr) 7 C 3 carbides have exhibited a relative resistance to the heat treatment [23] . On the contrary, the authors of [24, 25] report a transformation of hexagonal M 7 C 3 carbides with a very high chromium content into cubic M 23 C 6 carbides upon an appropriate heat treatment. Carbide M 23 C 6 can also be formed due to decomposition of M 7 C 3 [24] .
Giving data on the types of the carbides (M 23 C 6 and M 7 C 3 ) these studies do not reflect their composition. However, it is obvious that they do contain chromium.
We used the maps of the distribution of elements obtained by scanning electron microscopy (SEM) and energy
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T. Marray et al. dispersive spectroscopy (EDS) to determine the compositions of the precipitates. The measurements were made at different distances from the surface. Figure 6a presents a map of elements on the surface, which shows the presence of chromium-rich zones. The chromium-enriched zones coincide with the zones enriched with molybdenum. Figure 6b presents a map of the distribution of elements at a distance h = 200 mm. Comparative analysis shows that the regions enriched with chromium and molybdenum are similar to the regions detected on the surface. Moreover, the same zones contain manganese and vanadium.
We suggest two hypotheses explaining the results, namely, (1 ) different types of carbides (V 8 C 7 , M 23 C 6 and M 7 C 3 ) coexist at this depth and (2 ) the phase composition of the precipitate varies over the thickness.
With allowance for the experimental results we may be positive that carbonitriding of steel B causes formation of chromium-bearing carbide precipitates in the surface layer, which are absent in steel 16MnCr5. However, the results of the x-ray diffraction phase analysis should be accepted with caution (the limit of detection of a phase is at least 3 -5%). The map of the distribution of the chemical elements widens the information on the composition of the surface layers. At least we may be positive that the diffusion layer, according to the data of the x-ray diffraction analysis, contains different carbides (V 8 C 7 , M 23 C 6 and M 7 C 3 , Fig. 5 ).
Thermodynamic Simulation
It impossible to determine exactly the chemical composition of the metallic component M in the M 23 C 6 and M 7 C 3 carbides detected with help of x-ray diffraction, which justifies the attention to thermodynamic computational tools. We used the Thermo-calc Ò classical software (version R ) to make thermodynamic computations.
Phase Distribution. We started with thermodynamic computations for determining the distribution of the phases over the thickness. The computation was based on the concentration profiles of carbon and nitrogen and gave us only the presence of an austenitic phase. This phase in steel 16MnCr5 is enriched with carbon and nitrogen. No other phase is predictable, which agrees with experimental results.
A similar approach was applied to steel B. In contrast to the results obtained for 16MnCr5, we predicted the appearance of many other phases for this grade. Indeed, the curves 
